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Kinesin Backstepping Under 3D Load
Robert Cross1, Nicholas Carter1, Massimo Antognozzi2.
1Warwick University, Coventry, United Kingdom, 2Bristol University,
Bristol, United Kingdom.
During the dwells between steps kinesin is bound via one head to the microtu-
bule. ATP binding to the microtubule-attached head triggers escape from this
waiting state, which we call the parked state. Kinesin then takes either a back-
wards (minus-end-directed) or a forwards (plus end directed) 8nm step accord-
ing to the external load that it experiences. The dwell time before forwards
steps increases exponentially with hindering load until it equals the dwell
time for backsteps, which is ~1s. The 1s backstep dwell time appears to depend
very little on the load, suggesting that backstepping is a leakage pathway that
reports the failure of the biasing mechanism. Several groups have reported that
mutating the the neck linkers, which tether the two heads together, alters step-
ping behaviour. At least one of the gating mechanisms that coordinate molec-
ular walking appears disrupted, possibly because the connection between the
heads loses tension, or possibly for other reasons. Stall force might be reduced
because backsteps are more probable, or because forward steps are less proba-
ble, or indeed both. To explore the influence of directional load on the stepping
probabilities, we have done experiments in which the upwards component of
force is varied. Using single bead optical trapping, but with smaller (360nm)
beads, alters the attachment angle of the motor, and the balance between the
horizontal and vertical vectors of force. At this stage we find no change in
the stall force. We are exploring the same problem using a custom AFM
with a cantilever that is very stiff in the lateral and vertical directions, but com-
pliant in the axial direction. Stall forces in this framework are lower, and we are
working to discover why.
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Kinesin-8 is a Weak Motor Protein with a Weakly Bound Slip State
Anita Jannasch1, Marko Storch2, Jonathon Howard2, Erik Scha¨ffer1.
1Biotechnology Center, TU Dresden, Dresden, Germany, 2Max Planck
Institute of Molecular Cell Biology and Genetics, Dresden, Germany.
Kinesin-8 is a highly processive plus-end directed motor protein that is con-
served in eukaryotes from yeast to human. Different members of the Kinesin-
8 family have been shown in vivo to control the length of microtubules by
interacting with their plus ends. High processivity is crucial for these motors
to reach the microtubule plus ends, where they induce catastrophes or other-
wise interfere with microtubule dynamics. In this study, we characterized
yeast (Kip3) and human (Kif18A) kinesin-8s using optical tweezers. Both
kinesin-8 motors stalled under load forces of only ~1 pN, much less than
the stall forces measured for other kinesins. Furthermore, we found that higher
load forces caused the motor to slip backwards on the microtubule towards
the minus end; the motor could recover from this state and resume plus-end
motility. The low forces are consistent with kinesin-8s being regulators of
microtubule dynamics rather than cargo transporters; the slip state, in which
the motor remains in a weakly bound state, may be an adaptation for high
processivity.
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Engineered Dynein Mutants Reveal Minimal Structural and Catalytic
Requirements for Processive Motility
Frank B. Cleary, Thomas Bilyard, Danna D. Chan, Ahmet Yildiz.
UC Berkeley, Berkeley, CA, USA.
Cytoplasmic dynein is a molecular motor responsible for minus-end directed
transport along microtubules. In contrast to kinesins and myosins, the detailed
mechanism of dynein processivity and force generation remains unclear. Dy-
nein’s structure and evolutionary origin are different from these motors, sug-
gesting unique mechanistic features. In this work, we engineered novel
dynein constructs with altered mechanical, chemical and geometric properties
to test the roles of rigid linkage between monomers, interaction between the
ATPase rings and the proposed linker swing mechanism in maintaining dynein
processivity. We found that a rigid linkage between monomers and dimeriza-
tion through the N-terminal tail domains are not essential for dynein processiv-
ity. Instead, processivity minimally requires the linker domain of one monomer
with an active ATPase ring to be attached to a partner monomer, which can be
replaced by an inert protein retaining the microtubule-binding domain. To un-
derstand how one active head could provide motility to an inactive partner, we
quantified the force-dependent microtubule release rates of dynein monomers.
A clear directional asymmetry for detachment was observed, with significantly
faster release towards the minus-end, providing insight into dynein’s direction-ality. These results led us to a detailed mechanistic model of dynein processiv-
ity, directionality and force generation.
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Coordination of Individual and Ensemble Dynein Motors Studied using
Tools from DNA Nanotechnology
Nathan D. Derr1, Brian S. Goodman1, Weihong Qiu1,
Andres E. Leschziner2, William Shih1, Samara L. Reck-Peterson1.
1Harvard Medical School, Boston, MA, USA, 2Harvard University,
Cambridge, MA, USA.
The microtubule-based motor cytoplasmic dynein powers the transport of
a diverse array of cargo, allowing cells to organize their contents, move, divide
and respond to signals. Dynein is a ~1 MDa homodimer that can take many
consecutive (processive) steps along its microtubule track by converting ATP
hydrolysis into mechanical motion. It remains largely unknown how a dynein
dimer coordinates the respective mechano-chemical cycles of its two motor
domains to produce processive motion and how ensembles of motors work
together to move cargo in concert inside cells. We have developed novel tools
using DNA nanotechnology for dissecting the coordination of dynein both at
the single molecule and ensemble levels.
To determine how dynein coordinates its two motor domains to achieve
processive motion, we have developed a novel method to create stable dynein
heterodimers by utilizing the hybridization of complementary DNA oligonu-
cleotides. Two-color, high-precision, single molecule experiments reveal that
dynein, unlike kinesin and myosin, uses both a stochastic and a coordinated
stepping mechanism dependent upon the distance between the motor domains
within the dimer.
To determine the mechanism of cargo motility by ensembles of motors, we
have used DNA origami to build a synthetic cargo scaffold to which precise
numbers and arrangements of motors can be attached. Our preliminary results
in an unloaded system suggest that increasing the number of dynein motors
enhances cargo processivity but does not affect velocity. Studies of opposite
polarity motors are underway to determine whether cargos driven by both
dynein and kinesin exhibit stochastic bidirectional movements.
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Forces in Intracellular Transport: Calibrated Optical trap Recordings
in Living Cells
Adam G. Hendricks, Erika L.F. Holzbaur, Yale E. Goldman.
University of Pennsylvania, Philadelphia, PA, USA.
Many cellular cargos move bidirectionally along microtubules and actin, driven
by teams of plus- and minus-end directed motor proteins. To probe the forces
exerted on cargos in intracellular transport, we examined latex beads phagocy-
tosed into living mammalian macrophages. These latex bead compartments
(LBCs) are encased in membrane and transported along the cytoskeleton by
a complement of endogenous kinesin, dynein, and myosin motors. The size
and refractive index of LBCs makes them well-suited to manipulation with
an optical trap. We developed novel methods to calibrate the optical trap in
the complex, viscoelastic environment of the cytoplasm using spectra of ther-
mal motions and forced sinusoidal positioning of the trap laser and the micro-
scope stage. This method provides an accurate, in situ characterization of the
fluctuating motions and forces on LBCs inside living cells without reliance
on calibrations performed outside of the cell or on different beads, as in previ-
ous studies. Correlation analysis of quadrant photodiode signals is used to min-
imize spurious signals from scattering particles out of the LBC’s plane. For
both LBCs in live cells and purified LBCs in vitro, we find that centrally and
peripherally directed forces exerted on LBCs in live cells, or plus- and
minus-end directed forces on microtubules in vitro, are of similar magnitude.
In vitro and in live cells, the force traces are indicative of transport by multiple
motors, with maximum forces of 15-20 pN and detachment occurring in mul-
tiple steps. These observations suggest bidirectional transport of LBCs is driven
by opposing teams of stably-bound motors that operate near force balance. Sup-
ported by NIH grant GM087253 to ELFH and YEG and GM089077 to AGH.or nanoparticle probes used in the previous studies could not reveal the192-Plat
Deciphering Orientation and Rotational Information of Cargoes at Pauses
During Axonal Transport
Ning Fang, Wei Sun, Yan Gu, Gufeng Wang, Ji Won Ha.
Iowa State University, Ames, IA, USA.
The study of axonal transport is essential in learning motor protein working
mechanisms and neuronal functions. Direct visualization of the transport
events in living neurons has led to the current understanding of the mecha-
nism of axonal transport. However, the mechanism for generating the pauses
in the transit of cargoes is still largely unknown, mainly because the molecular
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Recently, we introduced the single particle orientation and rotational tracking
(SPORT) technique to follow the rotational motion of plasmonic gold nano-
rods (References: 1. J. Am. Chem. Soc., 2010, 132, 16417. 2. ACS Nano,
2010, 4, 7667. 3. J. Am. Chem. Soc., 2011, 133, 5720.). In the present
work, we acquired for the first time the orientation and rotational information
of the cargo during both the moving (directional transport) and pausing stages
of axonal transport with a high temporal resolution of 2 ms. The lateral and
rotational motions of cargos during directional transport and pausing stages
are elucidated, and their relationship with motor protein competition and reg-
ulation is discussed. The simultaneous tracking of lateral movement and rota-
tional motions of nano-objects also shadows a new insight into the dynamic
function of living cells.
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Crowding ofMolecularMotors DeterminesMicrotubule Depolymerization
Louis Reese, Anna Melbinger, Erwin Frey.
Arnold Sommerfeld Center for Theoretical Physics and Center for
NanoScience, Department of Physics, Ludwig-Maximilians-Universita¨t
Mu¨nchen, Munich, Germany.
Assembly and disassembly dynamics of microtubules (MTs) is tightly
controlled by MT associated proteins. Here, we investigate how plus-end-
directed depolymerases of the kinesin-8 family regulate MT depolymerization
dynamics. Employing an individual-based model, we reproduce experimental
findings. Moreover, crowding is identified as the key regulatory mechanism
of depolymerization dynamics. Our analysis gives two qualitatively distinct re-
gimes. For motor densities above a particular threshold, a macroscopic traffic
jam emerges at the plus-end and the MT dynamics become independent of
the motor concentration. Below this threshold, microscopic traffic jams at the
tip arise which cancel out the effect of the depolymerization kinetics such
that the depolymerization speed is solely determined by the motor density. Be-
cause this density changes over the MT length, length-dependent regulation is
possible. Remarkably, motor cooperativity does not affect the depolymeriza-
tion speed but only the end-residence time of depolymerases.
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Networks of Dynein and Regulatory Proteins in Flagella/Cilia Visualized
by Electron Cryo-Tomography
Takashi Ishikawa, Khanh Huy Bui, Gaia Pigino.
Paul Scherrer Institute, Villigen PSI, Switzerland.
Eukaryotic flagella/cilia are bending apparatus with >300 proteins. Sliding be-
tween microtubule doublets by dynein motors, which forms inner (waveform
determination) and outer (accelerator) arms, is motility force. However, inte-
gration of linear dynein motility into well-organized bending is unclear. To ad-
dress this question, localization and interaction of dynein and regulatory
proteins are essential. We reconstructed structure of flagella/cilia at pseudo-
atomic resolution utilizing electron cryo-tomography. We located the positions
of eight major inner dyneins from 11 known in Chlamydomonas genome as
well as other dyneins which exist locally in flagella (minor dyneins): at the
proximal 2 micron area or on one microtubule doublet. This could explain
asymmetric waveform with a sharp kink. We also reconstructed the radial
spoke (RS), which are supposed to regulate by calcium (Pigino et al. (2011)
JCB, in press). Chlamydomonas has two RSs, while Tetrahymena has three.
Interestingly Chlamydomonas also has a short protrusion at the position of
Tetrahymena RS3, which resembles RS3, suggesting evolutional pathway.
Mutant structures revealed connection of 23 component proteins (figure). Cal-
modulins are local-
ized at the branch
of bifurcation and
the bottom, close to
the interface be-
tween RS and dy-
nein tail.Platform: Molecular Dynamics I
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Probing the Energy Landscape of Ribosome Function Through Simulation
Paul C. Whitford, Karissa Sanbonmatsu.
Los Alamos National Laboratory, Los Alamos, NM, USA.
The ribosome is a massive ribonucleic protein complex (>2 MDa), com-
posed ofover 50 polymer chains, and is the sole producer of proteins inthe cell. It undergoes many large-scale conformational rearrangements (in-
cluding ~ 100 A˚ displacements) that allow for transfer RNA molecules to
read messenger RNA. These complex rearrangements enable rapid transla-
tion (1 amino acid per 5-100 milliseconds) and high fidelity (error rates of
~1:1000). The vast information available about static ribosome structures
and the ribosome’s overall dynamics make it the model system for establish-
ing the physical relationships between the energetics and biological function.
We use explicit-solvent simulations of the complete ribosome (2þ million
atoms) to bridge the gap between experimentally-measured kinetics and
the free-enery landscape. For tRNA entry into the ribosome (i.e. accommo-
dation), we have obtained 2.1 microseconds of sampling, with multiple runs
exceeding 200ns each. To provide the first insights into the diffusive dynam-
ics associated with large-scale ‘ratcheting’ rearrangements, which are essen-
tial for tRNA movement through the ribosome (translocation), we have
performed a continuous 1 microsecond simulation, which required ~4
months on 2,048 cores. The ribosome appears to exhibit diffusive properties
in particular reaction-coordinate spaces, which is consistent with these coor-
dinates being accurate descriptors of translocation-associated rearrangements.
Together, this work is allowing for the first comparison of experimental
kinetics to estimates of barriers that can be obtained theoretically, or
experimentally.
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Single-Molecule Studies of DNA Self-Diffusion in Entangled Blends of
Linear and Circular DNA
Cole D. Chapman1, Sachin Shanbhag2, Douglas E. Smith1,
Rae M. Robertson-Anderson3.
1UCSD, San Diego, CA, USA, 2FSU, Tallahassee, FL, USA,
3USD, San Diego, CA, USA.
Using fluorescence microscopy and single-particle tracking we have measured
the self-diffusion coefficients for single DNA molecules in varying blends of
entangled linear and relaxed circular (ring) DNA. We have determined the de-
pendence of self-diffusion of both species on the fraction of linear vs. ring
species in the blend, the overall solution concentration, and the molecular
length. The diffusion of relaxed circular DNA (DR) was found to depend
strongly on the fraction of linear DNA (fL) in the solution with DR undergo-
ing a dramatic decline as fL was incrementally increased to ~ 0.3, followed
by a much slower decline as fL approached 1. This phenomenon can be at-
tributed in part to the tendency of linear polymers to thread their circular
counterparts, prohibiting diffusion via reptation and forcing ring DNA to dif-
fuse via the slow mechanism of constraint release. For linear DNA, a surpris-
ing non-monotonic dependence of self-diffusion (DL) on fL was observed
with DL reaching a minimum at fL ~ 0.6. This behavior was not anticipated
by previous theoretical models, but the results are in good agreement with pre-
dictions from new simulations using a minimal constraint release model that
assumes our exact experimental conditions. Molecular entanglements are es-
sential for observing these dramatic effects on diffusion within DNA blends,
as we have found that below the critical threshold for molecular entanglement
there exists only a weak correlation between self-diffusion and blend
composition.
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Molecular Dynamics and Calcium Binding Studies on Troponin C
Steffen Lindert, Peter Kekenes-Huskey, J. Andrew McCammon.
UCSD, La Jolla, CA, USA.
Troponin C (TnC) is part of the myofilament complex in both cardiac and
skeletal muscle cells. It initiates myofilament contraction upon calcium bind-
ing. Here we focus on elucidating the dynamics of the cardiac regulatory do-
main of TnC in response to calcium as well as troponin I (TnI) binding.
Both classical and accelerated molecular dynamics simulations are per-
formed on an apo, a calcium-bound and a calcium-TnI-bound system. Con-
formational sampling between the two simulation methods is compared.
Using a principle component analysis the conformations sampled by the dif-
ferent system are compared. NMR order parameters and chemical shifts are
calculated based on the simulations. Agreement with experimental observ-
ables suggests that a substantial amount of the protein’s native dynamics
is sampled by the simulations. Brownian dynamics simulations of calcium
association with TnC on representative structures from the molecular dy-
namics simulations diffusion limited calcium association rates in agreement
with experimental measurements. The gating regime for calcium association
is investigated using Brownian dynamics simulations on representative inter-
mediate structures.
